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SUMMARY 


The  increasing  emphasis  on  intelligent  material  systems  and  structures  has  resulted  in  a 
significant  research  effort  in  the  areas  of  embedded  and  bonded  sensors  and  actuators. 
Piezoelectric  film  are  one  of  the  many  sensing  materials  available.  The  piezoelectric  sensor 
output  is  proportioned  to  changes  in  surface  displacement  and  can  be  used  to  interpret 
variations  in  structural  and  material  properties,  e.g.,  the  compliance  of  the  structure.  The 
aim  of  this  paper  is  to  demonstrate  the  use  of  piezoelectric  film  sensors  as  a  structural 
integrity  monitoring  device  for  detecting  damage  in  fibre  reinforced  composites,  and  crack 
growth  in  aluminium  alloy  specimens. 
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1.  INTRODUCTION 

The  concept  of  intelligent/smart  stractuies/materials  has  been  the  focal  point  of 
numerous  recent  investigations  [1^,31-  Such  system  contain  their  own  sensors, 
actuators  and  control/processor  capabilities  and  react  to  external  stimuli  in  a 
predictable  and  intelligent  manner.  &nbedded  (or  intrinsic)  sensms  recognise  and 
measure  the  intensity  of  external  or  internal  stimuli  to  which  actuators  can  then 
respond.  Stimuli  to  which  these  sensors  respond  may  be  either  mechanical  or  thermal 
in  origin.  Information  from  the  sensors  can  be  acquired  by  in-situ  control^irocesscn: 
units  which  then  control  the  response  of  the  actuators  to  the  stimuli  as  well  as 
selecting  the  optimum  response,  if  a  number  of  options  are  possible  [1,2].  The 
intelligent  controller  also  has  the  ability  to  learn  from  experience,  and  so  furthm’ 
optimize  the  response. 

With  the  increasing  emphasis  on  intelligent  materials  and  structures,  there  is 
significant  research  occurring  in  the  areas  of  embedded  and  bonded  sensors  and 
actuators.  There  are  currently  a  range  of  sensors  and  actuators  available  for  use  in 
smart  materials  and  systems.  The  main  advantages  of  piezoelectric  materials  are  that 
they  may  be  used  as  both  a  sensor  and  an  actuator,  and  they  are  distributed  devices. 
These  devices  generate  a  charge  in  response  to  mechanical  stimulus  or  alternatively 
provide  a  mechanical  strain  when  an  electric  field  is  applied  across  them. 
Piezoelectric  materials  can  be  crystals,  ceramics  ca:  polymers,  such  as  polyvinylidene 
fiuoride  (PVDF  or  PVF2).  The  latter  takes  the  form  of  thin  sheets  that  can  be 
attached  to  most  surfaces.  These  materials  exhibit  excellent  mechanical  strength, 
low  acoustic  impedance  and  possess  a  flat  response  over  a  wide  frequency  range. 
Due  to  their  low  mechanical  impedance  a  number  of  piezoelectric  films  can  be 
distributed  along  a  structure  without  drastically  affecting  its  mechanical  properties. 
These  films  can  be  readily  cut  and  shaped  to  conform  to  the  structure  under 
consideration. 

This  paper  addresses  the  use  of  piezoelectric  film  as  a  sensing  device  to  detect: 

1 .  damage  growth  in  fibre  reinfcnoed  plastic  specimens, 

2.  crack  growth  in  a  centre  notched  aluminium  specimen. 

The  damage  growth  in  the  composite  test  specimen  was  monitmed  using  ultrastmic 
C-scanning  and  compared  with  the  piezoelectric  sensor  readings.  Ibe  cradt  growth 
due  to  the  constant  amplitude  cycUc  loading  of  die  aluminium  specimen  was 
monitored  widi  a  travelling  microsct^  and  piezoelectric  sensors  bonded  to  t***. 
surface  of  the  specimen.  The  variation  in  piezoelectric  sensor  oatpat,  resulting  from 
the  change  in  crack  length,  was  also  modelled  using  a  finite  element  analysis. 
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2.  PIEZOELECTRIC  THIN  FILM  SENSORS 

The  piezoelectric  sensors  used  in  the  experiments  reported  in  this  paper  were  made 
from  polyvinylidene  flouride  (PVDF)  films.  The  electromechanical  properties  of 
these  films  are  anisotropic  [4].  Therefore,  the  electrical  responses  of  the  film  differ 
depending  on  the  direction  of  the  applied  mechanical  load.  The  open  circuit  polarity 
of  a  piezoelectric  sensor  can  be  expressed  as  [5]; 

V  =  Kiaif+K202f  (1) 

where  V  is  the  sensor  output,  Kj  and  K2  are  the  piezoelectric  constants  and  a^f  and 
02f  are  the  stresses  in  the  piezoelectric  film.  Here  the  subscripts  1  and  2  denote  the 
sensor's  maximum  sensitivity  direction  and  that  perpendicular  to  the  senstx's 
maximum  sensitivity  direction,  respectively.  The  constant  Kj  is  approximately  8 
times  that  of  K2.  The  significance  of  equation  (1)  will  be  discussed  in  section  4 
where  the  output  of  a  particular  sensor  is  predicted  and  compared  to  that  obtained 
experimentally. 


3.  DAMAGE  IN  COMPOSITE  SPECIMENS 

The  material  studied  in  the  present  work  was  the  carbon  ffbre/epoxy  resin  system, 
AS4/3501-6,  as  a  6.7mm  thick  50  ply  laminate  of  layup  [(±452, 04)3,9015. 

3.1  Experimental  Setup 

3.1.1  Impact  Damaged  Laminates 

Damage  growth  experiments  were  undertaken  using  300  x  100  x  6.7  mm  composite 
coupons.  A  centrally  located  region  of  impact  damage  was  introduced  to  represent 
barely  visible  impact  damage  (BVID).  The  absorbed  impact  energy  was  8  J  with  the 
area  of  damage  restrained  to  a  diameter  of  30  mm. 

A  number  of  piezoelectric  sensors  were  made  from  sheets  of  28  pm  thick 
polyvinylidene  flutnide  film.  The  PVDF  film,  as  supplied,  was  coated  cm  both  sides 
with  a  thin  layer  of  vacuum  deposited  conductive  NiC^i  or  NiQ  metal  [4].  Thin 
electrical  wires  were  bonded  to  the  top  and  bottom  surfaces  by  using  condiKtive 
sUver-loaded  epoxy.  The  piezoelectric  sensors  were  applied  to  the  non-impact  side 
of  the  coupon  using  Penna  Bond  F  tou^iwd  acrylic  adhesive.  Cbupcm  Ol-OS  has 
two,  28  pm  thick,  PVDF  NiQ  sensors  located  as  shown  in  Figure  1,  widi  sensors 
PZFl  and  PZF2  having  their  directions  of  maximum  sensitivity  petpradicular  to  and 
parallel  to  the  load  direction,  respectively.  CXUy  one  PVDF  Ni(>  sensor  was  located 
on  couptm  02-06  widi  its  direction  of  maximum  sensitivity  akmg  the  load  direction, 
as  shown  in  Figure  1.  Note  that  the  ultrasonic  C-scanning  was  undertaken  from  the 
impact  side  of  the  coupons  [6]. 
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The  "inverted",  and  therefore  compression  dominated,  FALSTAFF  fighter  aircraft 
sequence  [7]  was  applied  to  fatigue  the  coupon.  Coupon  02-05  experienced  a 
maximum  compressive  in-plane  load  level  of  -168  kN,  which  corresponds  to  a 
far-field  strain  of  3400  pe,  for  106  programs.  The  load  was  decreased  to  -164  kN  for 
the  next  24  programs  and  then  increased  to  -170  kN,  i.e.  3430  pe,  for  a  further  S 
programs.  To  slow  damage  growth  the  load  was  once  again  lowered  to  -168  kN  and 
remained  at  this  level  until  failure  occurred.  Coupon  02-06  was  subjected  to  a  load 
of  -170kN,  which  corresponded  to  a  far-field  strain  of  3410  pe. 

The  tests  were  interrupted  at  intervals  to  produce  ultrasonic  C-scan  maps  and 
undertake  piezoelectric  measurements.  C-scan  maps  gave  an  assessment  of 
through-the-thickness  damage  in  the  composite.  The  peak-to-peak  ouqrut  voltage  of 
the  sensor  was  measured,  under  constant  amplitude  cyclic  load  levels  of  0  ±10  kN, 
0  ±20  kN  and  0  ±30  kN  at  3  Hz,  using  a  charge  amplifier  and  a  Nicolet  digital 
storage  oscilloscope. 


3.1.2  Compo$ite-to-Metal  Fastened  Joints 

To  simulate  a  mechanically  fastened  composite-to-metal  joint,  a  composite  coupon 
of  dimensions  50  x  220  x  6.7  mm  was  tested  together  with  a  metal  fixture  ,  see 
Figure  2  [8].  The  composite  coupon  was  first  drilled  through  using  a  6.2  mm 
tungsten  carbide  double  fluted  drill,  then  reamed  and  coimter  sunk  with  100° 
countersink  and  finally  relieved  at  about  the  mid-ply  layer  with  a  50°  countersink. 
The  two  fastener  holes,  designated  "A"  and  "B",  were  placed  in  line  along  the  axis  of 
the  coupon  as  shown  in  Figure  2.  The  fasteners  were  installed  in  the  coupon  and 
fixture  and  tightened  to  a  torque  of  10  Nm.  Full  assembly  details  are  given  in 
Saunders  et  al  [9].  Each  coupon  was  inspected  prior  to  and  during  the  fatigue  testing 
program  using  a  time-of-flight  ultrasonic  C-scanning  metiiod  [6]. 

The  purpose  of  this  test  was  to  measure  changes  in  the  load  path  during  the  fatigue 
program.  In  OTder  to  achieve  this,  sevml  piezoelectric  sensors  were  positioned  as 
shown  in  Figure  3.  These  sensors  were  made  from  NiCr  sputtered  PVDF  film  and 
applied  using  Versilok  201  acrylic  adhesive.  The  sensors  F2  and  B2,  on  couptm 
04^,  covered  a  substantial  area  between  the  two  holes  and  thus  measured  surface 
area  changes  due  to  the  by-pass  loads  and  the  compiesave  bearing  loads.  Sensors  FI 
and  B1  measured  bearing  strains  and  hoq>  strains  around  hole  A.  The  direction  of 
maximum  sensitivity  of  the  PVDF  film  ccnresponds  to  the  applied  load  diiectimi. 

The  fixtures  were  subjected  to  sequence  loading,  where  the  load  sequence  used  was 
the  McDonnell  Douglas  (MCAIR)  300  hour  program  (MACSEQ).  The  peak  loads 
q^lied  to  the  coupmis  were  derived  from  MCAIR  wing  fold  strain  (l(Md)  data  and 
were  then  factored  by  1.37.  This  COTtespraided  to  a  tensitm-dominated  loading 
sequence  with  a  peak  tensile/compressive  in-plane  load  Of  36/23  kN. 
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The  tests  were  interrupted  at  intervals  to  produce  ultrasonic  C-scan  maps  and 
undertake  piezoelectric  measurements.  Peak-to-peak  piezoelectric  voltage 
measurements  were  measured  at  two  cyclic  loading  conditions,  viz.  tension- 
compression  cyclic  load  of  0  ±10  kN  and  tension-tension  cyclic  load  of  10  ±10  kN, 
at  3  Hz. 


32  Results  and  Discussion 
3.2. 1  Impact  Damaged  Laminates 

Figures  4  and  5  show  the  variation  in  damage  area  and  normalised  piezoelectric 
sensor  output  with  increasing  number  of  FALSTAFF  programs  for  coupons  02-05 
and  02-06,  respectively.  Note  that  the  ratio  of  damage  area,  (Aq-AoVAo,  has  been 
plotted,  where  A^  and  Aq  are  the  damage  areas  measured  at  program  0  and  n, 
respectively.  Sensor  PZFl,  on  coupon  02-05,  was  orientated  such  that  it  was 
sensitive  to  width-wise  changes  in  area,  hence  the  signal  from  PZFl  was  a  factor  of 
10  less  than  that  measured  from  PZF2.  Therefore  any  apparent  changes  in  PZFl,  as 
shown  in  Figure  4,  always  appeared  to  be  within  the  region  of  noise  of  the  sensor, 
thus  no  meaningful  results  can  be  attained  from  this  sensor. 

Sensor  PZF2,  which  measured  integrated  changes  in  displacement  along  the  load 
direction,  showed  steady  sensor  output  voltages  until  program  90  where  a  5% 
decrease  in  signal  was  detected,  this  coincided  with  an  increase  in  measured  damage 
area  of  15  %,  see  Figure  4.  The  applied  load  was  then  reduced  at  program  106  to 
-164  kN  in  an  effort  to  slow  damage  growth.  This  adjustment  in  load  appeared  to 
retard  damage  growth,  as  was  observed  by  both  the  C-scans  and  PZF2  ouq)uts.  The 
load  was  then  increased,  at  program  130,  to  -170  kN.  Consequently,  damage  growth 
increased  substantially,  after  only  5  programs,  with  a  10%  increase  in  damage  area 
and  a  7%  decrease  in  PZF2  ouqjut  So  far,  an  overall  increase  in  damage  area  of 
27%  has  caused  a  reduction  in  PZF2  ouq)ut  of  about  10%.  However,  subsequent 
damage  growth  (up  to  56%)  did  not  appear  to  cause  significant  changes  in  sensm 
output  Note  that  the  damage,  in  these  composite  coupons,  tends  to  grow  in  an 
elliptical  manner,  with  the  major  axis  in  the  width-wise  direction.  The  sensor  on 
coupon  02-06  showed  a  10%  reduction  in  ouq[>ut  for  a  60%  increase  in  damage  area, 
as  illustrated  in  Figure  5. 

All  sensors  were  placed  on  the  non-impact  side,  i.e.,  the  side  of  maximum 
delamination  damage  since  the  impact  damage  takes  a  conical  form  with  the  base  on 
the  non-impact  side.  In  a  previous  series  of  tests,  Bennett  et  al  [10]  cmducted  an 
investigation  using  piezoelectric  senses  tm  the  impact  side  of  die  couptm  which 
found  an  increase  in  sensor  output  from  sensors  over  the  damage  area  compared  to 
those  in  the  far-field.  It  was  concluded  that  these  sensors  were  measuring  the 
compliance  changes  due  to  damage.  One  would  expect  that,  even  for  die  case  here, 
the  sensor  ouqiut  would  increase  widi  increasing  size  in  damage.  Tte  decrease  in 
piezoelectric  sensor  ouqiut  that  occurs  here  is  probably  due  to  complex  non-linear 
surface  effects.  For  example,  under  compressive  in-plane  loading  "local  buckling" 
occurs  in  the  damage  region,  on  the  non-impact  side,  causing  an  out-of-plane  surfsce 
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displacement  Thus  the  piezoelectric  sensor  would  measure  a  combination  of  in¬ 
plane  compressive  deformation  and  tensile  deformation  possibly  resulting  in  a  lower 
sensor  output 

The  present  results  show  definite  trends  1.1  sensor  output  as  damage  grows  within  the 
coupon.  As  a  result,  this  work  reinforces  the  previous  choice  of  attaching  the 
piezoelectric  sensors  to  the  impact  side  of  the  coupon  [10].  This  has  greater  potential 
monitoring  the  local  structural  compliance. 


3.2.2  Composite-to-Metal  Fastened  Joints 

Figure  6  shows  typical  piezoelectric  signals  for  coupon  04-07,  as  well  as  the 
corresponding  C-scans.  These  figures  show  time  varying  signals  for  the  coupons  as 
the  number  of  simulated  flight  hours  increase.  Ultrasonic  C-scanning  is  a  useful 
method  in  determining  the  extent  of  damage  and  the  through-the-thickness  damage 
state.  However  this  technique  is  limited  because  it  can  only  detect  damage  which 
extends  past  the  countersunk  region  since  the  countersink  obscures  any  damage 
which  may  occur  underneath  it  The  fasteners  in  coupon  04-07  failed  during 
program  11,  after  which  the  test  was  terminated. 

The  interpretation  of  the  signals  in  Figure  6  is  complicated.  For  example,  for  sensor 
B2,  when  a  tensile  load  was  applied  the  main  areas  of  deformation  measured  were  a 
combination  of  compressive  (bearing)  near  hole  B  and  tensile  in  the  region  between 
the  holes  and  toward  the  coupon  edge  due  to  loads  by-passing  hole  B.  When  a 
compressive  load  was  applied,  sensor  B2  was  subjected  to  compressive  loads  by¬ 
passing  hole  B  as  well  as  compressive  (bearing)  loads  around  hole  A.  The  changes 
in  signals,  observed  in  these  figures,  with  increasing  number  of  applied  MACSEQ 
programs  are  the  result  of  a  number  of  factors,  viz.,  changes  in  compliance  due  to 
damage,  hole  elongation  causing  fastener  tilt,  variations  in  fastener  clamping  forces 
and  changes  in  load  path. 

Figure  7  shows  variations  in  the  normalised  piezoelectric  sensor  voltages,  Vq/Vo 
taken  at  the  load  case  0  ±10  kN,  with  increasing  number  of  applied  MACSEQ 
programs  for  coupon  04-07.  Here  Vj,  and  Vq  are  the  peak-to-p^  piezoelectric 
sensmr  voltages  at  program  n  and  0  respectively.  The  increase  in  sensor  output  for 
B2  and  F2,  i.e.  sensors  between  holes  A  and  B,  is  due  to  changes  in  by-pass  loads 
and  increases  in  compliance  of  the  composite  material  between  the  htrfes  (see  Figure 
7).  Changes  of  up  to  60  and  14%  were  measured  for  the  two  senses,  respectively, 
before  fastener  failure  occurred.  Optical  microscopic  studies  of  cross-sectioned 
composite  coupons  [9]  have  shown  that  the  back  side  of  the  composite  coupon  is 
more  likely  to  suffer  damage,  dw  to  fastener  rocking,  hence  this  side  should 
experience  the  greater  change  in  signal,  as  was  found  in  Hgure  7  far  sensor  B2. 

In  sununary,  the  results  for  coupon  04-07,  shown  in  Figure  7,  indicated  diat  diis 
technology  has  the  potential  to  measure  variations  in  the  by-pass  loads. 
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4.  CRACKED  METALLIC  SPECIMEN 

4.1  Experimental  Setup 

The  specimen  used,  shown  in  Figure  8,  was  an  aluminium  alloy  (US  alloy  2214) 
centre-cracked-tension  specimen  subjected  to  constant  amplitude,  cyclic  loading. 
The  specimen  was  12.5  mm  thick.  A  mean  load  of  40  kN  with  a  constant  cyclic 
amplitude  of  20  kN,  at  fiequency  of  5  Hz,  was  applied.  The  crack  growth  resulting 
from  this  cyclic  loading  was  measured  periodically  with  a  travelling  vernier 
microscope. 

A  number  of  NiCr  sputtered  28  pm  thick  piezoelectric  sensors,  of  dimension  is  4  x 
20  mm,  were  located  on  the  specimen  as  shown  in  Figure  8.  An  epoxy  adhesive  was 
used  to  adhere  the  sensors  to  the  aluminium  specimen.  The  signal  frx>m  sensm*  C 
(see  Figure  8),  which  is  located  away  from  the  "damage"  area,  is  used  as  a  reference 
signal  and  is  known  as  the  "far-field"  signal.  The  "near-field"  signals  are  obtained 
from  sensors  A  and  B.  Since  piezoelectric  sensors  are  dynamic  devices,  the  sensor 
readings  were  obtained  under  cyclic  loading  at  a  frequency  of  5  Hz.  The  sensor 
output  was  conditioned  using  a  charge  amplifier  and  the  peak-to-peak  voltage 
readings  were  measured  using  a  digital  storage  oscilloscope.  After  a  predetermined 
number  of  loading  cycles  the  crack  length  and  peak-to-peak  sensor  voltages  were 
measured.  In  this  report,  the  crack  length  is  the  distance  from  the  edge  of  the  hole  to 
the  crack  tip. 

4.2  Numerical  Analysis 

To  support  the  experimental  results,  the  change  in  the  piezoelectric  sensor  reading 
with  crack  growth  was  predicted  numerically  using  Finite  Element  Analysis.  Due  to 
symmetry,  only  a  quarter  of  the  specimen  was  modelled  using  15  and  20  noded 
isoparametric  brick  elements,  as  illustrated  in  Figure  9.  The  end  loads  and 
constraints  used  were  similar  to  those  applied  in  the  experiment  The  output  from 
the  piezoelectric  sensor  is  related  to  the  surface  strains  as  shown  below. 

The  output  voltage  from  a  piezoelectric  sensor  is  expressed  in  equation  (1).  The 
surface  strains  on  the  aluminium  are  the  same  as  those  in  the  film  since  the  bond  is 
thin  and  rigid,  thus  the  stresses  in  the  piezoelectric  film  can  be  expressed  in  tenns  of 
the  surface  strains  of  the  aluminium  alloy,  viz.; 

V  =  (Ai  +  Azd+Kj/Ki))  Ki  Ef  /cif  dA  +  (A2+K2/Ki(Ai+A2))Ki  Ef  /fiif  dA  (2) 

whCTc  Ai=l/(l+v)  and  A2=iv/((l+v)(l-v)),  v  is  the  Poisson  ratio  of  the  piezoelectric 
film,  Ef  is  the  modulus  of  elasticity  of  the  film,  and  Eff  and  £2f  are  the  strains  in  tite 
sensor.  It  must  be  pointed  out  at  Ais  stage  that  the  formulation  in  equaticm  (2)  only 
holds  if  the  piezoelectric  film  is  mechanically  isotropic;  an  assumption  which  is  made 
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for  the  purpose  of  this  investigation.  To  model  the  electromechanical  anisotropy,  the 
ratio  of  (K2/K1)  is  assumed  to  be  0.125  [4],  Ef  is  2  GPa  and  a  Poisson's  ratio  of  0.4  is 
assumed.  Equation  (2)  should  be  sufficient  to  model  the  output  from  a  piezoelectric 
w  isor  when  it  is  located  over  an  uncracked  region.  However,  in  the  event  of  the 
ciack  propagating  under  the  sensor  the  formulation  in  equation  (2)  should  include  the 
effects  of  the  crack  opening.  Here  the  total  signal  obtained  from  the  piezoelectric 
sensor  should  be  a  sum  of  two  components,  viz.,  (1)  from  the  sensor  over  the  crack 
opening,  (i.e.  behind  the  crack  tip)  and  (2)  from  the  remainder  of  the  sensor.  In  this 
case,  the  total  output  voltage  can  be  expressed  as; 

V  =  {(Ai  +  (1  -  v)A2)KiEf/£ifdA} 

over-crack 

{(Ai  +  A2(1  +  K2/K1))  Ki  Ef  Jeif  dA  + 


(A2  +  K2/Ki(Ai  +  A2))Ki  Ef  /e2fdA}  (remainder) 


(3) 


In  the  results  presented  in  this  paper,  the  sensitivity  of  the  piezoelectric  sensor  is 
defined  as; 

sensitivity  =  V^A^c  0^ 

where  V;^,  Vr  and  Wq  ^  signals  obtained  from  piezoelectric  sensors  A,  B  and 
C,  respectively,  as  shown  in  Figure  8. 

It  is  evident  from  equation  (3)  that  the  ouqrut  from  the  piezoelectric  sensor  can  be 
expressed  in  terms  of  the  surface  strains  measured  on  the  specimen.  Therefore  the 
sensor  output  is  a  direct  measure  of  the  severity  of  the  crack. 

43  Results  and  Discussions 

Figure  10  shows  the  crack  growth  measured  in  the  specimen  with  increasing  number 
of  applied  cycles.  The  variation  of  the  piezoelectric  sensor  ouqruts  with  increasing 
crack  length  are  shown  in  Figure  11.  Note  that  the  sensor  signal  undergoes  a  change 
in  its  gradient  when  the  crack  propagates  under  the  sensor,  as  shown  in  curve  (B)  of 
Figure  11.  This  is  due  to  the  changes  in  stress  states  in  the  piezoelectric  sensor  as 
will  be  discussed  below. 

Figures  12(a)  and  (b)  show  the  comparison  between  the  predicted  signal  and  the 
measured  signal  with  increasing  crack  length.  The  agreement  between  the  two 
results  confirms  the  ability  of  a  piezoelectric  sensor  to  monitor  the  crack  growth. 
The  change  in  gradient  observed  in  curve  (B)  of  Hgure  1 1  is  attributed  to  the  change 
in  the  stress  state  in  the  piezoelectric  sensor  when  the  crack  pn^Mgates  under  the 
sensor. 
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Figuie  13  shows  the  contribution  of  the  two  components  described  in  equation  (3)  to 
the  total  piezoelectric  sensor  signal.  This  figure  also  reveals  that  when  the  crack 
propagates  past  the  sensor  the  first  term  of  equation  (3)  dominates.  In  this  case,  the 
rest  of  the  sensor  is  located  in  a  region  of  decreasing  load.  The  piezoelectric  sensor 
is  therefore  seen  to  be  capable  of  detecting  the  change  in  the  stress  field  due  to  the 
presence  of  a  crack,  even  though  the  crack  tip  may  be  distant  from  the  sensor.  The 
slope  of  the  sensitivity  curve  changes  when  the  crack  prropagates  past  the  sensor. 
The  total  sensor  output  in  the  latter  case  is  an  indication  of  the  crack  opening 
displacement. 


5.  CONCLUSIONS 

Piezoelectric  sensors  show  promise  as  an  ’’active'’  technique  for  monitoring  the 
condition  of  the  composite-to-metal  mechanically  fastened  joints  tested  in  this 
investigation.  These  sensors  were  used  to  monitor  variations  in  the  by-pass  loads  in 
the  joint,  thus  giving  an  assessment  of  the  condition  of  the  joint 

For  the  damage  growth  tests  undertaken,  the  piezoelectric  sensor  ouqjut  showed 
definite  trends  as  damage  grows  within  the  composite.  The  present  woric  supports 
the  concept,  presented  in  [10].  of  attaching  the  piezoelectric  sensors  to  the  impact 
side  of  the  coupon  and  incorporating  small  sensors. 

In  a  "real"  aircraft  structure  it  is  evident  that  the  piezoelectric  film  can  be  used  as  a 
sensor  to  detect  structural  damage.  It  is  believed  that  the  sensor  detects  changes  in 
the  compliance  of  the  structure. 

The  ability  of  piezoelectric  sensors  to  detect  and  monitor  crack  growth  in  metals  was 
also  shown.  The  results  have  also  confirmed  the  constitutive  relationship  used  to 
relate  the  stress/strain  state  in  the  structure  to  the  piezoelectric  sensor  output 
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Figure  1;  Location  and  size  of  the  piezoelectric  sensors  on  the  non-impact  side  of  an  impact 
damaged  composite  coupon  (all  dimensions  in  mm). 


Figure  2:  The  composite-to-metal  specimen  configuration  for  the  fatigue  testing  of 
mechanical  fastened  joints  (all  dimensions  in  mm). 
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Figure  3:  Location  and  size  of  piezoelectric  sensors  on  the  composite  bolted  joint  coupons 
(all  dimensions  in  mm). 
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Figure  4:  Variarion  of  damage  area  and  piezoelectric  sensor  outputs  (for  the  load  case 
0  ±10  kN)  against  number  of  FALSTAFF  programs  for  coupon  02-05. 
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Figure  5:  Variation  of  damage  area  and  piezoelectric  sensor  outputs  against  number  of 
FALSTAFF  programs  for  coupon  02-06. 
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Figure  6;  Typical  signals  from  sensors  F2  and  B2  (0  ±10  kN)  on  coupon  04-07  with  the 
corresponding  C-scans. 


Figure  7:  Variation  of  piezoelectric  sensor  outputs  (for  the  load  case  0  ±10  kN)  against 
number  of  MACSEQ  programs  for  coupon  04-07. 
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Figure  8:  Schematic  of  the  aluminium  specimen  (dimensions  in  mm) 


Figure  9:  Finite  element  mesh  for  the  aluminium  specimen 
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Figure  10:  Measured  crack  growth  versus  number  of  applied  cycles 
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Piezo  electric  sensOT  output  versus  measured  crack  length. 
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Figure  12:  Comparison  between  the  predicted  senses  ouqjut  and  the  measured 
signals  with  increasing  crack  length,  (a)  VaJWc; 
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Contribution  from  the  various  components  in  Equation  (3). 
(a)VAA^C  (b)VBA^c 
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Figure  13  (b) 
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